Drilling and blasting technology is one of the main methods for pressure relief in deep mining. The traditional method for blasting hole blockage with clay stemming has many problems, which include a large volume of transportation, excess loading time, and high labor intensity. An environmentally friendly blast hole plug was designed and developed. This method is cheap, closely blocks the hole, is quickly loaded, and is convenient for transportation. The impact test on the plug was carried out using an improved split Hopkinson pressure bar test system, and the industrial test was carried out in underground tunnel of coal mine. The tests results showed that, compared with clay stemming, the new method proposed in this paper could prolong the action time of the detonation gas, prevent premature detonation gas emissions, reduce the unit consumption of explosives, improve the utilization ratio, reduce the labor intensity of workers, and improve the effect of rock blasting with low cost of rock breaking.
Introduction
With the increase of coal mining depth, a large number of coal mines have entered deep mining in China [1, 2] . Deep mining faces the problem of high in situ stress, in order to maintain the stability of surrounding rock of roadway and working face, drilling and blasting technology is needed for pressure relief [3, 4] . Blasting will lead to the occurrence of large microseismic events, so the energy accumulated in the rock mass can be released [5] [6] [7] .
Drilling and blasting technology is one of the main methods for breaking mining rocks for a long time. In order to improve the blasting effect, blasting hole blockage is often needed. Blasting hole blockage is an important part of blasting construction and also one of the important factors affecting the blasting effect [8] . Many theories and practices [9] prove that, compared with nonblocking, good hole blockage could limit the early emissions of detonation gas from the stemming region, prolong the action time of the detonation gas, promote sufficient explosive reaction, improve the utilization ratio of explosive blasting, increase the blasting range of fractured rock mass, improve the blasting effect, reduce the generation of dust and harmful gases, prevent the spray of hot solid particles and the explosion flame, and effectively prevent gas explosion and coal dust explosion.
The movement of hole stemming in the hole is the result of the joint action of many factors, including explosive shock wave, detonation gas generator, hole wall friction resistance, and its own inertial resistance [10] . The plugging effect mainly depends on the plugging material and block length. Various types of blast hole blockages are summarized, and the advantages and disadvantages of different kinds of stemming and their application ranges are analyzed in Table 1 . According to the properties of the materials, blast hole blockage can be divided into four categories: loose solid, compressive fluid, expansion colloid, and mechanical structure.
Many scholars [11] [12] [13] [14] [15] [16] have studied loose solid blocking materials such as sand, debris, and clay. The results show that granular materials with multiple edges could achieve good blockage effect, and reasonable stemming material type and particle size could increase the stemming volume by 2 Shock and Vibration 41%. When the average particle size of stemming is 1/25 of the blast hole diameter, the blockage length is the shortest, and the blockage effect is the best. Water stemming and air stemming have a small hole wall friction resistance and cannot be used alone. When they are used, the blast hole orifice should also be filled with a certain length of loose solid materials. Plaster stemming [17] , non-Newtonian fluid mixture [18] , gel stemming [19] , and so on have sufficient strength, but the hardening speed is slow and the cost is high.
Accordingly, various types of novel blast hole plugs of the mechanical structure have been developed [20] [21] [22] [23] [24] [25] [26] . They are made of plastic, wood, rubber, ceramics, and other raw materials, with structures such as bottom cone, wedge, spherical, spiral bursting, and combination. The blockage effects are uneven. The length and diameter of the plug should be designed according to the specific blast conditions. When a blast hole plug is used, a certain amount of pressure is often required in advance, or clay, sand, and other loose materials should be used to block the blast hole orifice again; otherwise, Shock and Vibration 3 the blockage effect is unsatisfactory. At present, there are few studies on the mechanical structure plug, which can be used alone and whose blockage effect is good, let alone the formation of serialized products.
At present, a large amount of clay and its mixtures are being used to produce the stemming in coal mines in China. Since problems such as a large volume of transportation and long loading time have existed in blast pole stemming, the workers would often adopt reverse charge with nonblocking, or they would simply increase the explosive charge in order to save working hours and reduce the labor intensity. Therefore, many problems have occurred, such as reduction of the utilization ratio of explosive energy, serious overexcavation and underexcavation of the surrounding rock, and the poor formation of the section [27] [28] [29] [30] [31] [32] .
According to the aforementioned problems, in order to enhance the blockage efficiency and blockage effect, improve the blasting effect, and reduce the labor intensity of workers, an environmentally friendly blast hole plug that is cheap, closely blocks the hole, is quickly loaded, and is convenient for transportation was designed and developed, which combines the advantages and disadvantages of the domestic and foreign mechanical structure plugs. 
Environmentally Friendly Blast Hole Plug Design
Based on the above analysis of blast hole stemming mechanism, stemming length, and stemming material, in order to obtain better blockage effect, the design of blockage should possess the following properties: it has a certain length; it has a certain density; it has large hole wall friction resistance; it has dispersion and a buffer, and the friction resistance gradually increases with buffer and burst; it has compression function, which could increase the effective cavity and buffer blasting pressure during the movement; it can realize selflocking using an explosive shock wave; it has a certain initial blockage force; it is convenient and cheap. According to the aforementioned design idea, a new type of environmentally friendly blast hole plug was designed and developed. In contrast to other plugs, the blast hole plug was designed with a composite structure system, including impact plug, multistage bursting cylinder with compressible burst, water stemming inner core with high-efficiency dust reduction and environmental protection, and wedge plug. The blast hole plug is cheap, closely blocks the hole, is quickly loaded, and is convenient for transportation. It exhibits good rock breaking effect and reduces the labor intensity. The plug has the advantages of being flame retardant, antistatic, waterproof, and water-resistant, which could be used for drilling holes with different angles and interval blasting. The image of the blast hole plug is shown in Figure 1 . The plug is made of polyethylene (LDPE) as raw material. Its structure is composed of an impact plug, three bursting cylinders, a wedge plug, environmentally friendly water stemming, and a pull rope. The impact plug is a hollow plug, half of which is a hemisphere and the other half is a cone. The hemispherical structure can fully utilize the reflection principle of explosive shock wave propagation in different media, which can reduce a part of the shock wave. One end of the cone is socketed with a bursting cylinder. The bursting cylinder is a hollow cylinder with certain inner and outer cone angles and four openings that are designed for the rapid expansion of the bursting cylinder. The length of the three openings is half of the cylinder length, and the other opening is as long as the cylinder. The bursting cylinders can be socketed with each other. The socket number depends on the length of the plug. The wedge plug is composed of a fixed wedge block (large) and a sliding wedge block. The water stemming is composed of a polyethylene bag and mixed aqueous solution. The polyethylene bag is obtained via a high-frequency, high-pressure, and high-temperature forming process. The aqueous solution is a mixed liquid with polyethylene glycol, sodium chloride, and ferrous sulfate in a certain proportion. For convenience of application, the plug combination is closely wrapped in a layer of plastic package.
The key to the design of the plug is the diameter and length of the bursting cylinder. The cylinder diameter should be neither too big nor too small. If it is too big, it would be difficult to be loaded. If it is too small, it cannot be closely contacted with the hole wall after complete burst. The bursting cylinder length is closely related to the cone angle. The cone angle is designed to be 4-8 ∘ for full burst after the compression of the bursting cylinder. The borehole diameter of the heading face in a coal mine is usually 42 mm in China. Therefore, the outer diameter of the bursting cylinder is designed to be 40 mm. The specific parameters of the plug are listed in Table 2 . The plug is designed with a total length of 280 mm, weight of 140 g, and cost of 1.1 RMB. It is mainly used in blasting engineering in coal mine underground roadway and chambers and can also be used in the subway, tunnel, and noncoal mines. With the large-scale application of the products, the cost will be gradually reduced. At present, other series of products (such as those with the diameter of 60 mm, 75 mm, 90 mm, and 120 mm) are being tested. When the plug is used, the entire product is manually fed into the orifice. A worker pulls the pull rope fixed on the wedge block and strikes the sliding wedge block using a shot stick as shown in Figure 2 , which can provide the initial friction resistance for the movement of the plug and enable the impact plug and bursting cylinder to produce quick multistage horizontal expansion under the action of a detonation gas generator. This type of plug is designed with a composite structure system, which can use an explosive shock wave as a source power of self-bursting, extend the action time of the explosion gas, and improve the utilization ratio of explosive energy. It can also be effectively combined and reasonably configured according to the hole depth and stemming length. The water stemming filled inside the bursting cylinder can achieve flexible compression expansion, increase the friction resistance, and improve the plug strength. The water mist formed after the blasting can result in dust reduction, cooling, flame reduction, and absorption of harmful gases, which could improve the working environment. Therefore, the product is named as hydraulic pressure resistant and environmentally friendly blast hole plug with impact selflocking and increased resistance with water pressure.
Impact Load Test

Test Equipment.
In order to study the blockage effect of the environmentally friendly blast hole plug, the improved SHPB test system was carried out for the blocking impact test of the plug. The theoretical basis of the SHPB test is based on propagation of a stress wave in elastic rod with uniform stress assumption [33] [34] [35] [36] [37] [38] . The test system, as shown in Figure 3 , adopts the loading mode of a half sine wave. During the test, a high-pressure gas was injected from the gas gun into the pressure cylinder. The striker in the pressure cylinder was pulled out by the high-pressure gas and impact incident bar. The incident stress wave excited by the impact was transmitted to the simulated blast hole along the incident bar. The strain gauge signal output posted on the incident bar was in the form of a voltage time curve. The typical waveform curves of the sample are shown in Figure 4 . The incident stress can be calculated from the measured voltage value of the strain gauge. Based on the law of conservation of energy, the incident energy can be obtained as follows:
where represents the incident energy, represents the compression bar sectional area, represents the compression bar density, represents the velocity of stress pulse in the incident bar, and ( ) represents the incident wave stress of at a certain time.
In order to obtain test results closer to the actual underground results in a coal mine, the sample loading device of the lower left corner of Figure 3 was used. The device was composed of a steel pipe used for simulating the blast hole and a cylinder steel bar. The inner and outer diameters of the pipe were, respectively, 46 mm and 60 mm, and the length was 420 mm. The bar diameter was 40 mm, and the length was 500 mm. In order to facilitate observation and record, two grooves were cut on the side of the steel pipe, and a highspeed camera was used to record the dynamic movement of the plug in the blast hole.
Test Sample.
The contrast tests were carried out by using the clay stemming and the plug. Twelve plugs were used as the samples of group A, and their material density was 918 kg/m 3 . The bag filled with loess was used as the clay stemming. It was made of yellow paper and cut into a cylinder and was subsequently bound using glue. Its diameter was 40 mm, and length was 300 mm. The loess was from a hill near the Datong Yungang Coal Mine, and its density was 1808-1983 kg/m 3 . Eight bags of loess were used as the samples of group B. The test samples are shown in Figure 5 .
When the sample was loaded, the clay stemming was puddled by the shot stick to provide the initial friction resistance, and the plug was locked by the wedge plug. The blockage effect of the clay stemming was directly related to the degree of ramming of clay. When the degree of contact between the clay and inner wall of the steel pipe was different, the bearing load was different. In order to fully achieve the blockage effect of the sample, sample group A should be puddled. The sliding wedge block of group B was hit as hard as possible, such that the sample was closely contacted with the inner wall of the steel pipe.
Test Results and Analysis
The research results show that the longer motion time and the lower exit velocity of the stemming from the hole could prolong the action time of the detonation gas, prevent the rapid attenuation of stress wave, fully utilize the blasting energy, and act as the gas wedge. The radial cracks are further extended to the depth of the rock mass movement or throw. In the test, the absolute movements of the head and tail of the stemming were measured using a tape, and the absolute difference between the calculations was considered as the compression deformation. The motion time of stemming in the blast hole was calculated using the high-speed camera. Based on the analysis of the test stress waves and high-speed photography images, the relationship between the impact incident energy and motion time and that between the impact incident energy and compression deformation of the samples in the hole were obtained. Further, the deformation and failure characteristics of the test were analyzed. The purpose was to analyze the blockage effect of clay stemming and plug. The physical and mechanical parameters of the sample under impact load are listed in Table 3 . It can be observed that, for the clay stemming and plug, the impact incident energy is 119.91-568.22 J and 114.35-360.25 J, respectively; the motion time in the hole is 2.82-16.08 ms and 1.80-9.74 ms, respectively; the compression deformation is 2-9.7 cm and 2.3-10.1 cm, respectively. Figure 6 shows the relationship between the impact incident energy and motion time in the hole for different blockage samples. The impact incident energy is approximately linear with the motion time in the hole. Under the condition of the same impact incident energy, the motion time of the plug in the hole is longer than that of the clay stemming. According to the fitting curve, when the impact incident energy is in the range of 100-500 J, compared with the clay stemming, the motion time of the plug in the hole can be extended by 14%-63% by using the plug. It can be observed that the blockage effect of the plug is better, which can fully utilize the explosive performance. Figure 7 shows the relationship between the impact incident energy and end movement for different blockage samples. Figure 8 shows the relationship between the impact incident energy and compression deformation. There is a positive correlation between the impact incident energy and end movement and between the impact incident energy and compression deformation.
Motion Time in the Hole of the Sample.
Compression Deformation of the Sample.
By comparing and analyzing Figures 7 and 8 , the regression line between the end movement of the plug and clay stemming is close, and hence, the difference between the movement and compression is not evident. The results show that the plug and the clay stemming have good blockage effect. Under the condition of the same impact incident energy, the end movement and compression deformation of the plug in the hole are larger than those of the clay stemming. According to the fitting curve, when the impact incident energy is in the range of 100-500 J, compared with the clay stemming, the end movement and compression deformation of the plug in the hole can be reduced by19%-54% and 22%-66%, respectively, by using the plug; furthermore, the hole wall friction resistance is greater and the blockage effect is better. However, when the impact incident energy is small, the movements of samples A1 and B1 are relatively close. The compression deformation of sample A10 is unique, Shock and Vibration 7 WI, N/M, water inflow; normal/maximum water inflow; and GQ, absolute gas emission quantity.
Plug
Clay stemming which is related to the quality of the artificial loading sample.
Deformation Characteristics of the Sample.
The deformation process of the sample under the impact load can be clearly recorded using the high-speed camera. Figure 9 is the impact failure process of the sample in the simulated hole. First, the plug instantly burst into the first bursting cylinder under the impact load, which resulted in rapid movement and expansion of the bursting cylinder. At that time, the wedge plug had not yet moved owing to the initial pretightening force during loading. Subsequently, the three bursting cylinders moved and expanded gradually, which resulted in close contact with the hole wall and produced friction resistance. Finally, the wedge plug moved.
When the impact incident energy was small, the wedge plug at the end of the plug only produced a slight movement, as shown in Figure 9 (a). When the impact incident energy was sufficiently large, the end of the plug rapidly generated compression deformation. The plug overall instantly moved fast toward the blast hole. When the plug moved toward the orifice, a collision took place between the sample and the left momentum bar. Under the action of the momentum rod, the sample was further compressed and deformed, resulting in a slight springback of the blast hole. At this time, the plug exited the blast hole, and the final state is shown in Figure 9(b) . The deformation process of the clay stemming under the impact load was similar to that of the plug. First, the end of the clay stemming generated compression deformation, and subsequently, the plug overall moved toward the blast hole, which led to the overall inhomogeneous slip deformation. When the impact incident energy was small, the compression deformation of the clay stemming was small, as shown in Figure 9 (c). When the impact incident energy was sufficiently large, the clay stemming also exited the blast hole, as shown in Figure 9 (d). In the test, the loess flew out of the observation tank with the clay stemming, which resulted in the decomposition of the force along the ring; further, the radial force was reduced, and the compression deformation of the clay stemming was smaller than the actual value.
After the impact load, the samples were removed as shown in Figure 10 . In addition to the A1 sample, the other impact plugs were in the first bursting cylinder; further, the first expansion cylinders with a large number of radial scratches exhibited apparent damage, and the second and third bursting cylinders exhibited less damage. The samples A9, A11, and A12 that exited the blast hole produced large cracks at the opening of the fixed wedge block, whereas the other samples did not. The cracks were caused by the instant impact of the strong incident energy.
The test results show that samples A9, A11, A12, B7, and B8 exited the blast hole. From Table 3 , it can be concluded that, when the impact incident energy is greater than 410 J, the plug will exit the hole, and when the impact incident energy is greater than 340 J, the clay stemming will exit the hole. Therefore, more energy is required for the plug to exit the hole. It can be observed that the blockage effect of the plug is better, which can fully utilize the explosive performance and improve the blasting effect of rock mass. The test results demonstrate that the structure design of the plug is reasonable and advantageous. Under the same working conditions, the stemming length can be shortened by the plug.
Underground Industrial Test
The industrial test was carried out in 2415 roadway, 404 area, Table 4 , and the drilling pattern and charge weight are listed in Tables 5 and 6 . A hexagon hollow steel rod with the diameter of 25 mm and length of 3000 mm and a linestyled drill with the diameter of 42 mm were used for the wet drilling on the 2415 roadway and the return entry. The forward charge adopted a third-grade coal mine permissible emulsion explosive. The diameter, length, and weight of cartridge were 32 mm, 200 mm, and 200 g, respectively. The tunnel hole depths were 1.8 m and 2.5 m, and the stemming lengths were 600 mm and 800 mm for the clay stemming. Two sets of 280 mm length environmentally friendly blast hole plugs were used, and the blast hole charge weight was optimized. The blockage blasting tests with 31 and 82 cycles were carried out. In most cases, a large amount of clay is carried by the worker in a coal mine. The weight of the clay stemming of 280 mm length is 600 g, and that of the plug is 140 g; the weight is reduced by 77%, which significantly reduces the labor intensity. The blockage time of 60 and 20 vertical upward boreholes was counted for the clay stemming and plug, the blockage time of the horizontal boreholes was 51 s and 20 s, respectively, and that of the vertical upward boreholes was 98 s and 35 s, respectively; the blockage time was decreased by 61% and 64%, respectively, and the blockage efficiency was significantly improved by the plug. The specific blasting results are presented in Table 7 and Figure 11 . The results of the industrial test show that, compared with the clay stemming, using the plug can reduce the unit explosive consumption by 28.4% and 19.7% (average of 24%), respectively, improve the footage driving cycle by 8.7% and 9.1% (average of 8.9%), respectively, increase the blasting efficiency by 8.6% and 1.0% (average of 4.8%), respectively, reduce the dust concentration by 32.1% and 15.1% (average of 23.6%), respectively, lower the harmful gas content by 13.2% and 8.8% (average of 11.0%), respectively, and increase the blockage cost per unit length by 3.9% and 31.2% (average of 17.5%), respectively, in the 2415 roadway and the return entry. It can apparently decrease the labor intensity, reduce the blockage time, reduce the boulder yield, increase the halfhole marks, render the blasting rock block more uniform, and significantly improve the blockage speed and loading efficiency. Therefore, the use of the environmentally friendly blast hole plug could improve the effect of rock blasting, prevent premature detonation gas emissions, and prolong the action time of the detonation gas, with low cost of rock breaking.
Conclusions
(1) The test results show that when the plug was used under the condition of the same impact incident energy, the motion time in the hole was prolonged by 14%-63% and the end movement and compression deformation decreased by 19%-54% and 22%-66%, respectively, as compared with clay stemming. When the impact incident energy was greater than 410 J, the plug exited the hole; when the impact incident energy was greater than 340 J, the clay stemming exited the hole. Therefore, more energy is required for the plug to exit the hole. It could be observed that the blockage effect of the plug was better, which can fully utilize the explosive performance and improve the blasting effect of rock mass. This demonstrates that the structure design of the plug is reasonable and advantageous. (2) The results of the industrial test show that, compared with the clay stemming, using the plug can reduce the unit explosive consumption by 24%, improve the footage driving cycle by 8.9%, increase the blasting efficiency by 4.8%, reduce the dust concentration by 23.6%, lower the harmful gas content by 11.0%, and increase the blockage cost per unit length by 17.5% in the 2415 roadway and return entry on average. It can apparently decrease the labor intensity, reduce the blockage time, reduce the boulder yield, increase the half-hole marks, render the blasting rock block more uniform, and significantly improve the blockage speed and loading efficiency.
(3) An environmentally friendly blast hole plug was designed with a composite structure system, including an impact plug, multistage bursting cylinder with compressible burst, water stemming inner core with high-efficiency dust reduction and environmental protection, and wedge plug. The hole plug could be used as a source power of plug burst using an explosive shock wave, achieve multilevel buffer compression burst, extend the action time of the explosion gas, improve the utilization ratio of explosive blasting, improve the embrasure blockage effect, and improve the blasting effect. It can also be effectively combined and reasonably configured according to the hole depth and stemming length, which provides a new method for blast hole blockage.
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